The radiation properties and the electronic structure of hybrid composites based on suspension polystyrene (PS) and nanocrystals of BaZrO 3 (BZO) (d < 50 nm) have been studied using luminescent spectroscopy and x-ray analysis. A strong cathodoluminescence (CL) in BZO-nanocrystals is observed in temperature range 80-293 K. It is modified in BZO-PS composites: both the low-and a high-energy bands (near 4 eV) appear, together with a significant reduction in the CL intensity. A decrease of the lattice parameter а for BZO phase in the composite and the modification of CL spectra indicate for changes in the nanocrystalline structure induced by the polymer. 
Introduction
Inorganic/organic nanosystems based on semiconductor nanocrystals and conducting or thermoplastic polymers such as polymethylmetacrylate and polystyrene are prospective for a number of applications and thus nowadays attract much attention [1] [2] [3] [4] . These polymers are useful for optical devices due to their transparency in the visible range of the spectrum and relatively high stability. For the preparation of polymer-semiconductor nanocomposites, the semiconducting nanocrystals of CdTe, CdSe, ZnS, CdS are mainly used. At the same time, different physical properties of oxide materials, including oxide perovskites, suggest obtaining hybrid materials with new completely different functional characteristics.
BaZrO 3 (BZO) perovskite has found several applications, such as substrate for the synthesis of superconductors, high-temperature microwave dielectrics, electrolyte for protonic fuel cells [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Since recently it also attracts a considerable attention as a fluorescent material. It is well known that the luminescent characteristics of BZO significantly depend on fabrication technology of micro-and nanocrystals; using different technological routes, samples can be tailored to show violet, blue, green or red luminescence [7, 8, [16] [17] [18] [19] [20] .
In the present work, we studied the effect of polymer matrix on the luminescent properties and the structure of hybrid composites based on BZO nano-and microcrystals embedded in the polystyrene (PS) matrix using cathodoluminescence (CL) spectroscopy and XRD analysis.
Experimental

Materials and compounds
Commercial BZO powders (grain size d < 50 nm and d < 10 μm) from ALDRICH company were used for the preparation of BZO-polystyrene hybrid composites.
Polystyrene was synthesized by suspension polymerization of styrene (St) in the presence of peroxide initiators of polymerization-benzoyl peroxide and ammonium persulphate (NH 4 ) 2 S 2 O 8 and starch as suspension stabilizer at the temperature of 60 °C.
Samples were prepared by sonification of 7-40 mg of BZO nano-or micropowders in the 1% solution of toluene sulfonic acid used as surfactant during 60 min. The obtained nanodispersions were added to solution of PS in toluene and sonoficated during 10 min to obtain the uniform dispersion. For solvent evolution the samples were dried in dynamic vacuum at 60 °C during 6-8 h to constant mass. All investigated samples were prepared as pellets.
Measurements
The cathodoluminescence excitation was performed by a pulse-mode electron gun (the beam energy of 10 keV at current of 100 µA, pulse duration of 2 µs at the frequency of 300 Hz). The luminescence spectra were recorded in the energy range of 1.0-5.0 eV at room temperature (RT) and liquid nitrogen temperature (LNT). This experimental set-up is an unique tool for the in-situ investigations of the electronic structure of wide band gap materials as well as of nanocrystalline semiconductors [21] [22] [23] [24] [25] .
The x-ray powder diffraction data were collected on the automated diffractometer STOE STADI P with a linear PSD detector (transmission mode; Cu K α1 radiation, a curved germanium (111) monochromator).
Results and discussion
CL characteristics of initial BZO powders
The CL spectrum of nano-BZO (d < 50 nm) pellet at RT is shown in Fig. 1 (curve 1) . The respective Gaussian decomposition into three possible bands A, B, C is also presented. This spectrum is similar to PL emission profile [16, 17] and is typical for multiphonon and multilevel process, i.e., a system in which the electronic relaxation occurs by several paths, including numerous energy levels within the band gap [7] . According to [16] [17] [18] [19] [20] 26] Figure 2 illustrates CL spectra of nano-BZO samples, both as prepared and annealed during 2 h at different temperatures (up to 800 °C). These results demonstrate hightemperature stability of CL intensity and spectral composition, contrary to the results published earlier [16] [17] [18] [19] [20] 26 ]. This behavior is attributed to micro-BZO (d < 10 μm) powders.
As is shown in Fig. 2 , the high-energy band D (near 4 eV) for as prepared micro-BZO pellets (curve 3) is observed only at LNT. For nano-BZO pellets, however, the weak band D appears only after high-temperature annealing (curve 2). We believe that this could be caused by the surface-related defects. It is known such near band gap emission in BaZrO 3 strongly depends on the conditions of fabrication and structural quality of samples [16, 18, 27] .
Structure characterization
The x-ray powder diffraction pattern for BZO nanocrystals (Fig. 3, curve 1) shows the crystalline structure of BZ powders, it is typical for nanosized BZO powder described in literature [18, 19, 27] . A small amount of BaCO 3 phase is observed, which can be expected for such samples [18, 19, 27] . By means of XRD analysis it is found that BZO exhibits a cubic perovskite-type structure, in the crystalline form with the space group Pm-3m. The BZO lattice parameter at RT а = 4.19083(6) Å with the average size of domains 23 nm.
In a polymer, only one amorphous halo is developed on the XRD pattern (Fig. 3, curve 2) with a maximum at 2θ = = 19.53°; the average apparent size of domain is here 13.16 Å.
Lastly, in the BZO-PS composite a coexistence of amorphous halo with the diffraction peaks of BZO (Fig. 3, curve 3 ) Fig. 1 . CL spectra at RT of nano-BZO pellets: 1 -as prepared (with Gaussian decomposition), 2-5 -annealing during 2 h at 400, 500, 700 and 800 °C, respectively. Fig. 2 . CL spectra at LNT of nano-BZO pellets (1 -as prepared, 2 -annealing during 2 h at 800 °C) and micro-BZO pellets (3). Savchyn, A.I. Popov, O.I. Aksimentyeva, H. Klym, Yu.Yu. Horbenko, V. Serga, A. Moskina, and I . Karbovnyk is observed, which is a clear evidence for the nanocomposite formation. The BZO lattice parameter decreases down to а = 4.1879(2) Å, both microstructural parameters remain practically unchanged. It is suggested that polystyrene significantly alters the subsurface structure of BZO, indicating the formation of fractal aggregates and structures.
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CL data of PS-BZO composites
The PS-BZO composites show the modification of the CL spectrum. The Gaussian decomposition of CL curves shows that the additional lowest energy band E and the highest energy band D (near 4 eV) arise, accompanied with a significant reduction in the CL intensity. As seen from a comparison of CL spectra of BZO-PS composites with nano-BZO (Fig. 4(a) ) and micro-BZO (Fig. 4(b) ), the ratio between the intensities of the lower energy CL bands and higher ones strongly depends on the BZO grain size.
These changes of CL spectra could be caused by the BZO grain changes caused by the polystyrene. In particular, the polystyrene reacts with BZO, creating structural changes that lead to the additional CL bands (D and E), a relative increase in the intensity of band C and the decrease in the intensity of A band. Moreover, such structural changes occur only in the subsurface layer of BZO grains, as it is demonstrated by a comparison of Fig. 4(a) and (b) . We suggest that polystyrene molecules create weak covalent bonds with oxygen vacancies of BZO nanocrystals, accompanied with the formation of intermediate defect complexes, which induce new energy levels in the band gap.
Conclusions
Polystyrene significantly alters the subsurface BZO structure due to the formation of hybrid nanocomposite. The decrease of the lattice parameter from а = 4.19083(6) Å in nano-BZO to 4.1879(2) Å in the BZO-PS composite, the modification of the CL spectra for BZO-PS (appearance of low-and a high-energy band (near 4 eV)) and a significant reduction of the CL intensity, all indicate a notable change in the BZO structure caused by the polymer. Fig. 3 . The x-ray powder diffraction pattern for BZO nanocrystals (1), PS matrix (2) and BZO-PS composite (3). 
